In older adults, mildly elevated plasma total homocysteine (hyperhomocysteinemia) is associated with increased risk of cognitive impairment, cerebrovascular disease, and Alzheimer's disease, but it is uncertain whether this is due to underlying metabolic, neurotoxic, or vascular processes. We report here that feeding male C57BL6/J mice a B-vitamin-deficient diet for 10 weeks induced hyperhomocysteinemia, significantly impaired spatial learning and memory, and caused a significant rarefaction of hippocampal microvasculature without concomitant gliosis and neurodegeneration. Total hippocampal capillary length was inversely correlated with Morris water maze escape latencies (r ‫؍‬ ؊0.757, P < 0.001), and with plasma total homocysteine (r ‫؍‬ ؊0.631, P ‫؍‬ 0.007). Feeding mice a methionine-rich diet produced similar but less pronounced effects. Our findings suggest that cerebral microvascular rarefaction can cause cognitive dysfunction in the absence of or preceding neurodegeneration. Similar microvascular changes may mediate the association of hyperhomocysteinemia with human age-related cognitive decline. cerebrovascular ͉ homocysteine ͉ mouse ͉ nutrition
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cerebrovascular ͉ homocysteine ͉ mouse ͉ nutrition C erebrovascular disease is a major cause of cognitive decline in old age. All of its manifestations, including stroke, white matter disease, cerebral large vessel disease (atherosclerosis), and small vessel disease (arteriosclerosis) can lead to vascular cognitive impairment (VCI), ranging in severity from subtle neuropsychological deficits to frank dementia (1) . Although these conditions may occur on their own, they frequently coexist with other neurodegenerative pathologies, such as Alzheimer's disease. The fact that Alzheimer's-type dementia shares many of the same risk factors with cerebrovascular disease suggests that at least some aspects of age-related cognitive decline, cerebrovascular, and neurodegenerative diseases share a vascular etiology (2) .
Mildly elevated plasma total homocysteine (tHcy) is an important risk factor for both cerebrovascular and Alzheimer's disease. Numerous epidemiological studies find micromolar increments in tHcy to be associated with significantly increased risk of stroke, white matter disease, and cognitive dysfunctions that range in severity from mild cognitive impairment to Alzheimer's disease (3) .
Several hypotheses have been advanced to explain how homocysteine might cause cognitive decline, generally invoking homocysteine-mediated neurotoxicity, vasotoxicity, or the inhibition of methylation reactions (4) . While these mechanisms are plausible, the in vivo evidence for their occurrence is not convincing. Exposing animals to elevated plasma homocysteine through genetic, pharmacologic, and dietary manipulations has so far failed to produce clear evidence of homocysteinemediated neurotoxicity (5) . There is stronger evidence for a direct link between impaired homocysteine metabolism and cerebrovascular disease. Structural and functional vascular changes have been observed in the cerebral arterioles of mice with genetic defects in homocysteine metabolism that were fed diets lacking in folate and high in methionine (6, 7) . Cerebrovascular abnormalities have also been induced in WT mice and rats with experimental homocysteinemia (8, 9) . However, the design of these studies makes it difficult to single out vitamin deficiency, excess methionine, or homocysteine as a primary cause of vascular dysfunction. Moreover, studies showing the association between vascular changes and cognition in experimental animals with hyperhomocysteinemia are lacking (5) .
To better understand the role of hyperhomocysteinemia in cognitive impairment, we examined the relationship between impaired homocysteine metabolism and neurodegenerative, cerebrovascular, and cognitive outcomes in a mouse model of dietary hyperhomocysteinemia. We fed control or homocysteine-inducing diets to male WT C57Bl6/J mice for 10 weeks. The control group consumed an AIN93M diet containing 0.33% methionine, 2-mg folic acid, 25-g cyanocobalamin (vitamin B 12 ), and 7-mg pyridoxal L-phosphate (vitamin B 6 ) per kg diet. Two different diets were formulated to induce hyperhomocysteinemia, the one through combined folate, vitamin B 12 , and vitamin B 6 deficiency, the other through methionine enrichment with 1% L-methionine (10 g L-methionine/kg diet). Both diets induce hyperhomocysteinemia; however, they do so through markedly different metabolic impairments. B-vitamin deficiency inhibits homocysteine's conversion to methionine or cysteine, causing it to accumulate while methionine is depleted. In contrast, high methionine intake drives the excessive synthesis of homocysteine and cysteine, but without limiting methionine. Before tissue harvest, spatial learning and memory were evaluated by the Morris water maze, and psychomotor function was evaluated by a battery of age-sensitive tests, including the accelerating rotarod. Using these tests, we have shown that the B-vitamin-deficient diet impairs ability to complete the Morris water maze but not psychomotor performance in Apolipoprotein-E-deficient mice (10) . Blood homocysteine and B-vitamins were measured and hippocampal total capillary length and microglia numbers were quantified by unbiased stereology immunolabeling capillaries with an antibody to the endothelial glucose transporter type 1 (Glut-1) and microglia with an antibody to the microglial cell surface protein CD11b/Mac-1. For further detail, see Methods below. 0.79). The appearance of all mice was normal and no morbidity was observed.
As expected, the B-vitamin-deficient diet significantly decreased plasma vitamin levels. Mean plasma folate and vitamin B 12 decreased to one quarter, and vitamin B 6 decreased to one tenth of control concentrations ( Table 1 ). The high methionine diet also produced significant, but different, changes in plasma vitamin status. Mean fasting folate levels increased significantly by 35% from the control concentration and vitamin B 6 levels decreased significantly by 18%. Mean vitamin B 12 levels after methionine feeding also decreased by the same percentage, but this change did not reach statistical significance (see Table 1 ).
The mean fasting plasma tHcy concentration in mice fed the high methionine diet increased to nearly threefold higher than in mice fed the control diet (13.9 versus 5.2 M). The mean fasting plasma tHcy concentration in mice fed a B-vitamindeficient diet increased to nearly sevenfold higher than in mice fed the control diet (35.2 versus 5.2 M). The mean plasma tHcy concentration in the B-vitamin-deficient group was significantly higher than those of both the control and high methionine fed groups; however, the difference between the control and high methionine groups did not reach statistical significance (see Table 1 ).
B-vitamin deficiency was associated with a significant cognitive impairment and spatial learning and memory in the Morris water maze test. A similar but less pronounced and nonsignificant deficit was observed in the group fed the high methionine diet. Fig. 1 shows the learning curves for escape latency from the Morris water maze over the course of the 3-day training period and performance on the reversal test on day 4. All three groups acquired the task over the first 3 days and learned to escape from the maze. On the first day of training, the mean escape latencies were similar for all groups (see Table 1 ). All groups improved with training and by day 3 the mean escape latencies had reached a similar threshold. However, a diet-induced cognitive deficit was revealed on the day 4 reversal task, which requires that the mice retain the escape strategy from the previous days while rapidly learning and remembering the new (reversed) position of the escape platform. On the day 4 reversal task the control group rapidly learned the new platform position and their escape latency did not differ from their previously acquired level. In contrast, B-vitamin-deficient mice were impaired in their ability to adapt to the new escape position and they reverted to their mean baseline latencies of Ͼ30 s.
Similarly, during the probe trial on day 4, the mean latency to the escape position of the B-vitamin-deficient group was twice that of the controls (see Table 1 ). Mice fed the high methionine diet displayed similar cognitive impairments, but these were not statistically different from either the control or the B-vitamindeficient groups (see Table 1 ). Because diet did not affect swim speed, a nearly identical curve is observed when data are plotted as the path length swum in each trial [supporting information (SI) Fig. S1B ]. As swim speed and psychomotor performance (see Table 1 ) were not affected by diet, they cannot explain the diet-induced differences in Morris water maze performance.
On the probe trial, latency to escape position was the only parameter to differ statistically by diet. Nevertheless, a comparison of performance on the probe trials by diet suggests a subtle spatial dimension to the impaired performance of B-vitamin deficiency. Control mice demonstrated a trend for shorter latencies to the escape position (see Table 1 and Fig. S2 ) and more crossings of the escape position on days 2 to 4. Further- more, on days 3 and 4 they spend significantly Ͼ25% of their swimming in the quadrant in which the escape platform is located (above chance levels), indicating that these mice are employing a spatial search strategy to escape from the maze, even on day 4. In contrast, changing the position of the escape platform on day 4 results in significantly longer latencies to the escape position for B-vitamin-deficient mice than for the other groups (P ϭ 0.018, see Table 1 ). Moreover, on average B-vitamindeficient mice make 24% fewer crossings of the escape platform position on day 4 than on day 3, compared with mice fed control and high methionine diets, who maintain a similar number of escape position crossings on both days (1% and 7% fewer crossings, respectively). Finally, unlike control mice, who spend Ͼ25% of their time in the quadrant where the escape platform is located, mice fed B-vitamin-deficient or high methionine diets do not spend significantly Ͼ25% of their search time (chance level) in the escape quadrant (see Fig. S2 ). Gross brain anatomy appeared normal on microscopic examination (Fig. S3) . There was no evidence of gliosis, which typically accompanies neurodegeneration (11, 12) . Instead, the B-vitamin-deficient and high methionine diets significantly suppressed the population of microglial cells in hippocampus. Compared to controls, B-vitamin deficiency resulted in a Ϸ25% decrease in microglia. High methionine suppressed microglia even more severely, reducing their estimated numbers by Ϸ50% (see Table 1 and Fig. S4 ).
High methionine and B-vitamin deficiency also resulted in a significant rarefaction of hippocampal microvasculature (see Table 1 ). Compared to controls, high methionine resulted in an Ϸ23% reduction in mean total capillary length and B-vitamin deficiency resulted in an Ϸ30% reduction (see Table 1 and Fig.  S4 ). Reduced capillary length was highly correlated with both higher plasma tHcy (r ϭ Ϫ0.631, P ϭ 0.007) and with longer latencies to the escape position during the probe trial (r ϭ Ϫ0.757, P Ͻ 0.001; Fig. 2 ). Longer latencies to escape position were also highly correlated with higher plasma tHcy (r ϭ 0.721, P Ͻ 0.001) and remained highly significant even after excluding the two cases with the most severe hyperhomocysteinemia (r ϭ 0.539, P ϭ 0.002) (Fig. S5 ). In contrast with these results, and despite significant effects of diet on the number of hippocampal microglial cells, the number of microglia was only weakly correlated with homocysteine (r ϭ 0.334, P Ͻ 0.01) and did not correlate with cognitive outcomes.
Discussion
Our examination of the impact of hyperhomocysteinemiainducing diets on brain anatomy and vascular integrity and cognition in mice allows us to make several important observations. First, dietary deficiencies of folate, vitamin B 12 , and B 6 intake that lead to moderate hyperhomocysteinemia can also result in cognitive impairment. That this occurs in an inbred mouse strain that is not genetically predisposed to cerebrovascular or neurodegenerative disease demonstrates that such metabolic imbalances may not only sensitize the brain to a primary neurological insult, but are sufficient to induce cognitive dysfunction even in the absence of a pre-existing challenge. Moreover, these impairments were associated with mild to moderate hyperhomocysteinemia at homocysteine concentrations that are comparable to those that confer risk of cognitive impairment in humans [ie, reference (13)]. In this respect, findings in this model may be compared to human populations where similar nutritional deficiencies and hyperhomocysteinemia are observed to associate with cognitive deficits. Second, the rarefaction of brain capillaries following a relatively short-term dietary challenge demonstrates that brain microvasculature is sensitive to the activity of pathways that metabolize homocysteine. Third, the correlation between cognitive and microvascular deficits demonstrated in this model, in the absence of overt neurodegeneration, constitutes evidence that a metabolically driven change in cerebral microvascular circulation could account for the strong association of B-vitamin deficiency, hyperhomocysteinemia, and cognitive dysfunction in humans.
The present mouse model exhibits several salient features of human age-related cognitive dysfunction. First, cerebral microvascular abnormalities are common in elders, and although they are also found in cognitively intact individuals, they are often more severe in those with dementia (14-16). Indeed, rarefaction of cortical capillary beds has recently been reported in Alzheimer's disease (17) . Second, Glut-1 expression is decreased in postmortem brain tissue from demented individuals (18) (19) (20) . These structural and biochemical abnormalities are likely to contribute to impaired blood flow and the integrity of the physical blood brain barrier, impeding the brain's supply of oxygen, energy, and nutrients, and the removal of toxins from the brain (21) . The observation that relatively acute disruptions of homocysteine metabolism can induce such a dramatic change in microvascular density, in the apparent absence of the neurodegenerative and other pathologies that are associated with hyperhomocysteinemia in humans, suggests that microvascular changes may be sufficient to impair cognition even without the more extensive pathology that would be expected to arise from chronic exposure.
To the extent that cerebral microvasculature in mice is susceptible to disrupted homocysteine metabolism, it is possible that similar homocysteine-related microvascular damage contributes to cognitive impairment in humans. However, this has been difficult to establish, not the least because of poor consensus on neuropathological methods of classifying and quantifying cerebrovascular lesions (1, 22) . Recent advances in unbiased stereology (23) now provide a rigorous and objective (albeit tedious) method of quantifying structural parameters of the microvasculature in postmortem human (24) and animal brains (25) . However, vascular and cognitive outcomes have not yet been correlated by these methods. In this respect, the model described here offers a new system for studying the relation of cerebral microvascular changes to cognition in VCI.
Our finding of decreased total capillary length following diet-induced hyperhomocysteinemia enlarges significantly upon findings of structural and biochemical abnormalities in other animal studies of experimental homocysteinemia, by showing that B-vitamin deficiency not only changes existing capillaries,
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but induces remodeling and rarefaction of the capillary bed. Kim and colleagues (8) fed folate-deficient diets to 6-month old male rats for 8 weeks. In these rats, folate deficiency was accompanied by mild hyperhomocysteinemia and ultrastructural changes in cerebral capillaries, including endothelial damage with mitochondrial swelling and disintegration, swelling of pericytes, basement membrane thickening and fibrosis, and occasional perivascular detachment. Similarly, Lee and colleagues (9) found that feeding 8-week old rats a folate-deficient diet containing supplemental homocysteine for 4 weeks resulted in a mild hyperhomocysteinemia and a 24% reduction in brain Glut-1 expression, as well as similar reductions in other endothelial markers in whole brain homogenates. Previously, these findings could be understood to imply that glucose transport might be down-regulated in individual capillaries in response to hyperhomocysteinemia. Indeed, brain Glut-1 expression adapts rapidly in response to changes in brain metabolism and energy demand (26) (27) (28) , and pharmacologic injections of homocysteine that induce severe hyperhomocysteinemia have been shown to inhibit brain energy and glucose metabolism in rats (29) . However, inhibited brain energy metabolism following pharmacological administration of homocysteine coincides with severe hyperhomocysteinemia. In contrast, the more modest increases in plasma homocysteine induced in the present study better reflect the epidemiological associations of mild hyperhomocysteinemia and cognitive impairment. Based on structural evidence from the present study, we argue that the reduced abundance of brain Glut-1 and other vascular proteins found in other in vivo models (9) is likely to reflect capillary loss, which could then have a secondary impact on brain energy metabolism and neurovascular coupling (14, 30, 31) .
Furthermore, the striking correlation that we found between hippocampal microvascular length and escape latency in the water maze suggests that these observations may be functionally significant. This interpretation is consistent with data from a study of rats showing a similar correlation between the severity of ultrastructural damage to hippocampus capillaries and performance on the Morris water maze after microvascular damage was induced by chronic occlusion of the common carotid artery (32) . Nevertheless, this correlation alone cannot prove that that the observed microvascular changes in hippocampus mediate the cognitive impairment. In this study, B-vitamin-deficient mice were significantly impaired in their ability to learn a new platform location and subtly impaired in using spatial strategies to find the platform compared to the control group. These decrements are similar to those observed in aged animals in that they also show difficulty in learning a new platform location during reversal training (33) and lack of a spatial preference when compared to young animals when tested in a probe trial (ie, less time spent in the training quadrant and fewer platform crossings) (34, 35) . Although spatial performance on the Morris water maze is highly sensitive to hippocampal integrity (36), additional brain regions contribute to performance on this task (37) . Thus, dysfunction in other brain systems may also contribute to the overall impairment that is induced by B-vitamin deficiency.
Previous studies have failed to detect neuronal cell death in the hippocampus of WT mice fed hyperhomocysteinemiainducing diets (38, 39) . Indeed, even the direct injection of a large dose of homocysteine into the hippocampus of WT mice did not kill neurons (40) . Dietary hyperhomocysteinemia has only been found to enhance neuronal cell death in mice that are predisposed to neurodegeneration, such as the transgenic mutant amyloid precursor protein model of Alzheimer's disease (38) or in mice rendered pharmacologically susceptible to Parkinson's disease (39) . Similarly, feeding neurocompromised Apolipoprotein E-deficient mice B-vitamin-deficient diets induces both hyperhomocysteinemia and cognitive impairment without neurodegeneration, astrogliosis, or demyelination (10) . Such studies are consistent with a capacity of homocysteine to contribute to cognitive dysfunction by potentiation of a primary neurodegenerative insult. However, they do not support the hypothesis that direct neurotoxicity is the primary mechanism leading to homocysteine-related cognitive dysfunction. Thus, in the absence of neuropathology, alternative mechanisms, such as cerebrovascular dysfunction, may be more important for homocysteine-related cognitive impairment.
Here, the apparent absence of neurodegeneration does not rule out the selective death of brain microglia and capillary endothelial cells. However, it is also possible that the observed reduction in capillary length and microglia numbers reflects a decreased capacity to proliferate and maintain normal cell numbers. Indeed, folate deficiency has been shown to slow neurogenesis in WT mice without causing neuronal cell death (41) . Both folate deficiency and excess methionine can slow the synthesis of nucleic acids, thereby inhibiting proliferation. Theoretically, such a phenomenon might have a greater impact on vascular and glial cells that, in contrast to the relatively quiescent neurons, retain their proliferative potential in the adult brain (42, 43) . Although we do not know whether the capillary rarefaction in this study was the result of homocysteine-mediated endothelial death or vascular remodeling, it is notable that adult cerebral microvasculature is capable of rapid and reversible angiogenic changes in response to metabolic stimuli. For example, rats exposed to decreased oxygen for 3 weeks to simulate a high altitude atmosphere exhibit a massive increase in cerebral microvascular density, which returns to baseline within 3 weeks following restoration of normal atmospheric oxygen (43) . Similar vascular plasticity occurs in response to brain activity (26, 28) . This type of plasticity is reminiscent of the rapid microvascular response to diet in this study, as well as the restoration of normal Glut-1 expression levels following the alleviation of short-term hyperhomocysteinemia in rats (9) . Clearly, the extent to which the adult brain retains such microvascular plasticity could affect brain and cognitive integrity during aging (44, 45) . In this context, our findings raise the intriguing possibility that impaired homocysteine metabolism might impair microvascular plasticity, thereby contributing to the accrual of age-or diseaserelated damage.
Similarly, diet-induced decreases in microglial cells could also present a challenge to brain. During brain trauma, microglia are involved in a protective inflammatory response by mobilization to clear damage in brain parenchyma, such as plaques and debris, from degenerating cells. This may be one reason why the number of brain microglia increase in normal aging (46) . However, chronic and persistent glial activation-gliosis-can cause damage through oxidative stress and other mechanisms. Accordingly, microglial suppression could have beneficial or adverse consequences for brain integrity, depending on the specific context (12) . The severe suppression of microglia by high methionine intake in association with very mild hyperhomocysteinemia, as compared with a more modest suppression of microglia by B-vitamin deficiency despite more severe hyperhomocysteinemia, suggests that while hyperhomocysteinemia may be common to different metabolic imbalances, such as low B-vitamin and excess methionine, different neurological outcomes may be determined by the primary metabolic disruption and not by homocysteine. Taking account of the differential impact of methionine and B-vitamin deficiency on capillary length and microglia numbers makes it possible to distinguish between the effects of different subtypes of hyperhomocysteinemia in the same model animal.
In conclusion, by isolating early cerebral microvascular changes from neurodegenerative processes, such as neuronal cell death and gliosis, we can define more precisely the mechanisms underlying cerebral microvascular disease, independent of or before the onset of irreversible neurodegeneration. Given the relatively rapid induction of these changes, this model of homocysteine-related VCI should facilitate the study of their relation to downstream neurological and cognitive outcomes.
Methods
Animals and Diets. All animal procedures were approved by the Institutional Animal Care and Use Committee in accordance with the National Institutes of Health Guidelines. Housing and feeding procedures were described in ref. 47 . Briefly, weanling male C57Bl6/J mice were purchased from Jackson Laboratories and maintained at our animal facility. They were systematically assigned to three groups of similar mean body weights of at least 10 mice per group, housed individually and fed for 10 weeks with diets formulated with vitaminfree, ethanol-precipitated casein and the appropriate control and experimental vitamin mix (Harlan Teklad, Madison WI,). The control group consumed an AIN93M diet containing 0.33% methionine, 2-mg folic acid, 25-g cyanocobalamin (vitamin B 12), and 7-mg pyridoxal L-phosphate (vitamin B6) per kg diet. Two different diets were formulated to induce hyperhomocysteinemia: one through combined folate, vitamin B 12 and vitamin B6 deficiency; the other through methionine enrichment with 1% L-methionine (10-g L-methionine/kg diet). Both diets induce hyperhomocysteinemia; however, they do so through markedly different metabolic impairments. B-vitamin deficiency inhibits homocysteine's conversion to methionine or cysteine, causing it to accumulate while methionine is depleted. In contrast, high methionine intake drives the excessive synthesis of homocysteine and cysteine but without limiting methionine. Mice were allowed free access to water and were group pair-fed to ensure that all of the mice had similar food intake (48) . All diets contained 1% sulfathiozole (10 g/kg diet. SIGMA), a nonabsorbed sulfa drug that inhibits folate formation by gut bacteria, to ensure that the animal's only source of available folate was from the diet.
Cognitive Testing. Spatial learning and memory were evaluated by the Morris water maze and psychomotor function was evaluated by a battery of agesensitive tests during the last week of the experiment (49) . Using these tests, we have shown that in Apolipoprotein-E deficient mice specific cognitive deficits on the Morris water maze but not on psychomotor performance result from the B-vitamin-deficient diet (10) .
The Morris water maze is a well validated and highly sensitive test of rodent cognitive function, and it is particularly sensitive to hippocampal dysfunction (50 -52) . The maze requires a mouse to use spatial learning to find a hidden platform submerged 1 cm below the surface of the water in a circular white pool filled with water made opaque by the addition of powdered milk. The mouse must use distal cues that are located outside of the maze to effectively locate and remember the location of the escape platform from previous trials. Accurate navigation is rewarded with escape from the water onto the platform, which is colored white and therefore hidden from sight. In this study we used a 4-day testing protocol, as previously described (10) . Briefly, mice underwent 3 days of training in the maze of five trials each day, followed by a fourth and final day of testing in which the position of the escape platform was changed, thereby requiring the mouse to retain the learned escape strategy but to quickly learn the new escape position (Fig. S6) . The fifth and last trial on days 2 to 4 was a probe trial in which the platform was removed and the mouse allowed to swim for 60 s to assess spatial strategies before the trial was stopped. Performances were videotaped and analyzed with image tracking software (HVS Image). Mean daily escape latencies and latency to the escape position on the probe trial were analyzed for differences between the means across dietary treatments by ANOVA, with Tukey's Honest Squares Differences posthoc adjustment for multiple comparisons.
Psychomotor function was evaluated by a battery of tests, including rod walking, wire suspension, plank walking, and the accelerating rotarod (49) .
Biochemical Assays. After 10 weeks of consuming the diets, mice were fasted overnight and killed by exsanguination under isoflurane anesthesia. Blood was collected by heart puncture into heparinized tubes on ice. Plasma was separated within an hour of collection and frozen at Ϫ80°C for further analysis. Folate and B 12 were measured using the Quantaphase II radioassay kit (Bio-Rad Laboratories ). Pyridoxal 5Ј-phosphate (vitamin B 6) was determined by the tyrosine decarboxylase apoenzyme method (53) . Plasma total homocysteine was determined by HPLC (54).
Brain Histology and Stereology. Following exsanguination, brains from half of the mice were rapidly removed and fixed in 1% neutral buffered formalin/ 30% sucrose solution until they sank. Fixed brains were embedded together in gelatin blocks, from which serial sections 40-m thick were prepared in the sagittal plane through the entire brain (Neuroscience Associates).
Cerebrovascular capillaries were visualized with a polyclonal rabbit antibody against the endothelial Glut-1 (catalog no. RDI-GLUT1, Research Diagnostics), which specifically labels capillaries and not larger vessels (55, 56) . Microglia were labeled with a monoclonal rat antibody against cell surface protein CD11b/Mac-1, which is expressed by all brain microglia (catalog no. MCA74G, Serotec) (57). Immunolabeling was followed by routine immunohistochemistry (ABC Vector Elite kit, Vectorlabs).
Stereological analysis was performed using a computerized stereology system driving a Zeiss Axioskop microscope equipped with a high-resolution color video camera and a motorized stage for movement in the x-y-z axes (Stereologer, Systems Planning and Analysis). For each measurement, we used consecutive sections spaced 200 m apart through the hippocampus of one hemisphere. The hippocampal formation was defined according to the mouse brain atlas of Franklin and Paxinos (58) to include the oriens, pyramidal, stratum radiatum, and dentate gyrus granular and molecular layers, circumscribed by the corpus callosum, fimbria, and hippocampal fissure. Hippocampal microglia were counted at 40ϫ magnification using the optical fractionator probe (57) . Hippocampal total capillary length was estimated at 20ϫ magnification using the cycloid probe (23, 25) . Using this probe, the number of intersections between the system-generated cycloid probes and capillaries are counted. The probability of an intersection between probe and capillary is directly proportional to the total length of the capillaries traversing the region of interest. Measurements were carried out blind to treatment by a single investigator (M.S.B.) according to counting parameters established during pilot experiments.
Statistics. Data were analyzed using the statistical software SPSS 12.0 for descriptive statistics, Pearson correlations, and comparison of differences between the means by ANOVA with Tukey's honest squares differences posthoc adjustment for multiple comparisons.
